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Abstract 


It hfLS hetui proposed that one of the mechanisms of material removal in electrochem- 
ical spark machining (ECSM) involves melting of the material. In order to test this 
hypothesis, in the. present work ahunina {Al^Oz) samples having different amounts 
of ghuss (0% - 20%) are prepartul. Machining of these samples is carried out and 
mic.rostructur^^ of machincid and polished smfa(;(!s are studied. Process performance's 
e.g., mat<irial removal, machined depth and diametral overent are evaluated. Analysis 
of tlui results slu)ws that the machining rate in ECSM process is greatly affected by 
I)orosity a of sample. Thus the material removed is found to increase from 6 mg to 110 
mg when the porosty increases from 3% to 29%. No clear effect of glass content on 
MIIH. is seen. A study of the microstrnctnres of the polished and machined surfaces 
shows tliat the material removal occurs by attack at the grain boundaries probably 
due to an etching process. 
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Chapter 1 
Introduction 


Th(U(‘. is a {'.oustantly increasing demand for engineering materials having superior 
prop{u ties to those possessed by enstomary engineering materials. Properties of in- 
ten’est in tlu!S<* materials ar(^ nltrahigh strcuigth, high t(nnperatnre and thermal shock 
resistance, high fatigue strength, high wear resistance and high strength to weight 
ratio etc. However high values of these properties make it difficult to shape these 
materials using c.onventional methods, thereby limiting their widespread applications. 
Ceramics have v(uy attractive propcirties while machining of ceramics by couv(uitional 
UK'.thods is (ut.her not possible or uneconomical. 

'Flu! nonconvciiitional machining techniciues being explored for machining ceram- 
ics fall into two categories, those in which the consideration of electrical properties 
of work material is crucial and other which do not depend upon electrical properties 
of work materials. Techniques like Abra sive Jet Machining (AJM), Laser Beam Ma- 
chining (LHM), UltniHonic Machining (USM) and Ehictron Beam Machining (EBM) 
fall in the later category but tliey have, their own problems associated with them. 
For the first category of techniques. Electrochemical Machining (ECM) and Electro 
Discharge Machining (EDM) are well established. 
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1.1 E(’I) M(H‘hanisiu And Its Eloctrical Eciuivalont 

Lat.(ily Kh'ct nx'lu'inical Spark Machining (ECSM) process is being enii)lovc<l for 
inaciiining of (>l(>ct.rically nonconducting materials like ('.('.ramies and composit(^s[l]. 
hXkSM is a hybrid proc(!ss in which material removal is accomplished by establishing 
spark in the vicinity of the workpiece. 

Mec'hanism of ECSM is still not very clear however it has been explained as 
follows 


1 .1 KCD Mocliariism And Tts Electrical Equivalent 

Fig. l.l pr(«(!nts a schematic diagram of an ECSM setup. The e(inivalent (;l(;ctrical 
circuit of the sysbnn is shown in Fig. 1.2. 

A simple electrochemical spark machining setup consists of two electrodes dipped 
in electrolyte, tool is kept as -ve electrode and another electrode of graphite is kept 
as ■4-ve electrod(i (Fig. 1.1). When an external potential is applied between the elec- 
trodits, t.lH^ (d(‘ctric c.nriind. flows thro\igh the electrolyte rctsnlting in electrochemical 
nnictions such us anodic dissolution, cathodic deposition, ekictrolysis (T (ikictrolyte 
etc., depe.nding upon tin; ((lectrode-ekadrolyte combination. Ehu'.trolytic cell can <!xi- 
hibit any of the following thnie different phenomenon namely, electrochemical action 
only, electro(^hemical action followed by discharge between electrodes, electrochemical 
action followed f)y discharge between electrode and electrolyte. If a suitable electrolyte 
is chosen and electrodes are of grossely different sizes then beyond a certain value of 
api)h('.d v()ltag(‘,, sparks appear at tlu*. tool (!hx-.trod(i and tlu; currnt dr()i)S. This is 
known as discharge phenomenoa. 

The current distribution at the tool electrode is not uniformbecause of tlu^ sharp 
edge at th(‘. (md face, m a result of which the siJark is confined to the iatter i (!gion[5]. 
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The current flow at the bottom face area of the electrode is small because of the 
permanent blanketing by the entrapped gas, and thus can be neglected. 

The electrical ecpiivalent of ECD setup is shown in Fig.l.2.In this figure Ci, is 
capacitance of the circuit, C 2 is the capacitance of the larger electrode- electrolyte 
interface, Csis capacitance of the tool electrode- electrolyte interface due to accumula- 
tion of opposite charges at the regions, L is inductance of the circuit, Ryis resistance 
at t.he larger (tlcctrode eUiCtrolyte int.crface, Ri is the resistance of the bulk of the 
electrolyte, and i ^3 is resistance at the tool electrode electrolyte interface. 



Figure 1.1: Configuration of nonconducting work machining using ECSM [6] ' 

Due to the flow of electric current, hydrogen gas is generated at the cathode 
(which is used as the tool electrode to avoid electro chemical disolution and subsequent 
loss of active electrode area) and leads to bubble formation. Bubbles grow in size and 
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Figure 1.2: Equivalent electrical circuit of ECD setup[6] 

once the critical size is reached, detach from the surface and move upwards. When 
hydrogen bubbles become sufficiently large in number, the resistance of the tool- 
electrolyte interface increases substantially due to constriction effect. This leads to 
increased ohmic heating of the electrolyte in this region, causing generation of vapour 
bubbles, As the current density J increases the number of nucleation sites of bubbles 
also iucreiuses. At the critical condition the number of nucleation sites are such that 
the fully grown bubbles cover the maximium possible active surface area of the tool, 
leading to the blanketing (i.e. isolation between tool and electrolyte). Conseciuently 
the current drops to zero in a very small time, which is analogous to a switching off 
action of an electrical circuit. 

It has been observed that sparking occurs at the tool electrolyte interface above 
a certain voltage depending upon the concentration of electrolye. The sparking is 
definitely not between the electrodes, rather across a hydrogen gas bubble. If the 
workpiece is brought in the vicinity of the spark zone, machining would take place(2]. 
The onset of sparking coincides with the formation of bubbles. Here potential gradient 
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is more important than the potential difference. In the ECM cell, if the cathode gets 
cov(',r(Ki with a layer of thin large bubbles, the current will be conducted by streamers 
of electrolyte; between the bubbles thus causing a high potential gradient. Due to 
high potential gradient, breakdown of the gas in a bubble take place and a discharge 
occurs. The discharge is accompanied by evolution of large amount of heat. The 
various possible mechanism which may result in the removal of material from the 
workpiece are as follows. 

• Melting and vaporization of the work material 

• M(;c.hanical erosion and 

• El(;ctr(jchemic.al ac:tion 

The evolution of heat clue to sparking has been suggested by many to result in 
melting and evaporation of work material. Further, me<;hanical erosion may occur 
due to cavitation effect of gas bubbl(;s rupturing on tin; work surface;. The disc'.harge 
through the bubbles will result in a violent rupture. However, the absence of con- 
ducting ions in (;l(;ctrically nonconducting work materials helps in concluding that 
material removal by (;l(;c:troc;hemical action is not jjossible. Electroch(;mical action 
helps only in generation of bubbles and their evolution at the cathode. 

Initiation of spark is somewhat similar to that in electric discharge machining. 
In the former case, both cations and anions are already present in the electrolyte. 
Sparking during ECSM would take place only when intervening medium (gas or water 
vapour bubbles, or passivating layer) is subjected to high electrical pressure that 
overcomes its insulating properties. A catastrophic current is then allowed to pass 
through [3]. In ECSM the insulating layer of gas bubbles on the electrodes provides 
tin; medium for the initiation of breakdown. A local inc,n;ase in potential drop on 
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the film take; place, leading to rise in the electric field intensity[4]. At a definite value 
of (ilectric fi(d(l intensity, cdectron conduction results in breakdown and origination 
of spark dis charge channel. The value of breakdown voltage will depend ui)on type 
of electrolyte, the type of gas in the bubbles. The sparking at random location is 
preferable. Further, the possibility of two consecutive sparks during ECSM taking 
place at the same place is very low. As soon as tin', sparking takes placti, the bubbh^s 
present around the spark will be pushed away by the pressure wave initiated due to 
sparking and may result in bursting of some of the bubbles. In ECSM, the sparks are 
desirable not the arcs becaiise the later resiilts in low and localized material removal 
rate yiiilding nioni irr(!gular machiinul stirfact;. 

During sparking as well as no sparking period, the current flows from anode 
to cathod(^ through the ehictrolyte. Due to tin; i)r(;senc(! of electrically nonconduct- 
ing workpiece and supporting plateform, resistance to the flow of current increcises. 
There are two main sources of heat generation during ECSM, i.e., sparking and Joule 
heating. Only the heat generated due to sparking is productive. 

The evolution of bubbles has been obs(‘rv(!d all around and at tlui bottom of 
th(^ c.athode . Some of the bubbl('.s merge with others and thciir size increase's to the 
extent that without sparking they die out [2]. Obviously the smaller size bubl)l(^s 
have higher probab ility of sparking. The energy i)er si)ark de])ends upon size of 
the bubble, potential difference across the electrodes, electrolyte conductivity and 
the type of the gas in the bubble. The size of the bubble also plays an important, 
role in determining the material removal rate (MRR,). During an attempt to incr(^as(^ 
the MRR while conducting TW-ECSM exper iments, bubbles of varied sizes were 
artificially introduced in large number, around the cathode. This resulted in reduced 
MRR but surface finish improved. In fact, if the artificially produced bubbles merge 
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with the bubbles generated during ECSM process, the size of the resulting bubble 
become so high that it dies out without sparking. 

It was observed that as the voltage applied across the electrode increased [5], 
the rate of bubble generation also increased. When the critical value of the voltage 
was reached, the sparking started at the smaller electrode. Further increase in the 
voltage, increased the intensity of sparking. Pattern of change in r.m.s. value of 
current with the r.m.s. value of voltage applied is shown in Fig. 1.3. The sparking 
starts at and the corresponding current is 7c. The patterns of instantaneous voltage 
and current variation with time for different regions of the ECD activity are shown 
in Fig. 1.4 The nature of bubbles distribution on the electrode surface for different 
values of applied voltage is shown in Fig. 1.5 It is clear that at the onset of sparking 
the electrode surface is fully covered with bubbles in a closed- packed form. 



V. (R.M.S ) — 

Figure 1.3; Voltage current relationship for a typical ECD cell [5] 
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Figure 1.4; Traces of voltage and current for different values of applied potential [5] 
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Figure 1.5: Distribution of bubbles for different applied voltage[5] 
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1.2 Survey Of The Previous Work 

Ehu-.trocheniical spark was first observed by Taylor[ll] during electrolysis of molten 
anode tij) and was regarded as ’’Anode Effect”. 

In 1950 Kellog[8] also observed the sparks at the cathode, while attempting 
to enhance of M.R..R,. in ECM by the application of higher potential between th(‘. 
electrodes. 

In 19(58, Knrafnge and Suda[9] utilized this phenomenon of electrical discharge 
in e.lectrolytri. They used NaOH (15wt%) as electrolyte while making a hole in glass 
workpiece up to the depth of 0.31 mm. 

In 1973 Cook et al.[10] conducted experiments based on the process of Elec- 
trocluunical discharge, while machining glass. Tlusy us(ul various fused salts as elec- 
trolyte but presumably good results wen^ obtained using an eutectic of NaOH and 
KOH. They also studied the effect of electrolyte concentration, polarity, cell voltage 
an<l t(;mperature of electrolyte and they found that the proccvss is electrolyte sensitive 
and polarity (hiprmdent. They concluded that tin; Ixist residts are obtained with high 
frequency pulses, although a DC or low frequency AC can also be employed. They 
showed that machining rate increases with increase in electrolyte cocentration and 
also with increase in electrolyte temperature, but machining rate decreases with time 
for a given voltage. Corresponding results are shown in Fig.1.6. 

Regarding the mechanism of material removal, they have not been able to estab- 
lish clearly that wheather it is therraomechanical, chemical, electric field or something 
else. 

In 1984 H.T.Suchiya, T.Inoue and M.Miyazuki[13] used a new method ’’Wire 
Electrochemical Discharge Machining” of glasses and ceramics.Work materials used 



Rrm»v«t f«lt imf /ifC 1 


1.2 Survey Of The Previous Work 


10 
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Figure 1.6: Parametric study of ECDM process during machining on glass [10] 
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were c:()nsists of Soda lime silica, Boro Silicate glass plates, Alumina, SviN^ and SiC 
ceramic plates. Power supi)ly they have used consists direct current source, a p>ds(^ 
generator and an amplifier. 

They examined the effect of polarity of electrode, the electrode voltage, flow 
rate and concentration of electrolyte on the cutting rate they concluded that cutting 
rate increases with increasing concentration and voltage (Fig. 1.6) In case of high 
concentration, the cutting rate rapidly increases with increasing the voltage in case 
of low concentration cracks generate on the surfac(i of the specimen in high voltage 
region. 

I. M. Crichton, .].A.Mcgeough[12] studied in 1985, the mechanism of discharge 
in electrochemical arc machining. They reported that electrochemical spark occurs 
betw<ien cathode electrode and electrolyte solution through bubbles formed by elec- 
trochemical reaction. On the other hand an arc discharge is formed when spark 
grows to bridge the gap between the electrodes. Spark discharge has no effect on 
metal removal while arc discharge leaves a crater on surface. 

Allesu et al., made some investigations into spark machining of non conducting 
materials. They carried out the experiments mainly on glass samples by varying 
voltage, electrolyte type, electrolyte concentration, electrolyte temperature and also 
studied the effect of tool size, shape and material on material removal rate. They 
concluded that with increase in applied voltage m.r.r. increases However beyond a 
certain value of applied voltage cracks were observed on glass surface. They explaiiu'd 
it as dxie to higher thermal input and subsequent thermal cracking of glass. They 
used NaCl, NaOH and KOH solutions as electrolytes for evaluating their performance 
in machining. Among these electrolytes NaOH solution was found to perform better. 
Regarding the effect of electrolyte concentration on m.r.r., it increases with increase 
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1.2 Survciy Of'Did I'rwiou.s Work 

in c:()n(;(uit, ration. Similarly material removal rate showed a linear relationship with 
t(mip(;rature of ek'.ctrolyte. Higher temperature yi(“.lcled higher m.r.r. They have 
also tried tools with different diameters and shapes (solid and hollow) and made of 
difierent materials. It was found that lesser the cross-sectional area of tool, better 
was the performance. Hollow tools gave hett(U' performance than solid tools, stainh'.ss 
st(ud show(!d v(U'y good r(^sults as tool material. 

Hitoshi 'I'okura (it al [15] carried out ehic.t.ric.al discharge in electrolyt(i to find 
out the i)roc(issing method for four kind of ceramics. I'hese ceramics were Alumina 
and three kinds of Silicon Nitrides sc'.ries to which are added, Alumina (ASN), Mag- 
n(isia(MSN), Yttria and Alumina (YASN). The rcisults ohtaiiu^d showc^d that a i)it 
can he fornuid on any cciramic and the pit depth apparcintly vari(is with the ceramic 
material. Tlui removal rates of ASN, Alumina, YASN, MSN become low in turn and 
are indejx'.ndent of their mechanical properti(!s. In case of Silicon nitride s(>.ries , tlui 
removal rates de[)('.udent on tluur sintering additiviis, and higher tin; applicid voltage, 
higher the material removc^d. High removal rate and low electrode loss are ohtaiiuHl 
wlu'.n th(! muulle (!l(H:trode is negative. Tlmy uscid NaOH (2()wt%) as electrolyte while 
machining of all these ceramics. They also showed that minimum voltage necessary 
to form pit increased with decreasing NaOH concentration. Mechanism of matcuial 
removal during machining of ceramics was claimed as the etching of grain houudari('.s 
in high temperature (ilectrolyte during discharging. 

Naveen Gautam [16] did experiments with different tool kinematics like sta- 
tionary tool, rotating tool with or without electrolyte flow through it, tool with 
orbital rotation, and upward movement of workpiece. He showed that rotation of 
tool and flow of electrolyte through the tool have improved the process performance 
upto some h'.vel. He. conecmtrated on Borosilicate glass and did some (ixperiments 
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Figure 1.7: Schematic diag. of material removal in Alumina [18] 
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1.2 Sm v(!y Of 'Flu; Prcivioiis Work 

oil Ciuartz.Tlirough holos word (Irilled succ.dssfully in Quartz glass jilates using total 
<lis(iiarg(i cutiiigiiration. 

R.aghuraui et al [17] studied the effect of various circuit parameters on elec- 
trolytes in the elec.trocheinical discharge phenoineiioii. They showed that external 
circuit parameters have a definite influence on the discharge characteristics. Internal 
inductance and capacitance in the electrolytiis are observed with the ajiplication of 
rectified and smooth DC) voltagi^s. The introduction of an external inductor on tlni 
circuit has tlui advantage of supplying a constant povviu’ injuit to the cidl. 

I. Hasak [18] has done (ixperinumts on machining of glass using ECSM iirocess 
with different electrolyte; such as NaOIl, KOIl NaOl and different power supjily such 
as smooth DO and full wave rectified DC. He showed V-I characteristics for different 
electrolytes, tool diameter, tool depth and concentration of electrolyte in Fig.(1.7) 
He showed that MRR can he increased by 200% by introducing inductance into tin; 
circuit. Hi! concluded that ('.lectrical discharge tak(;s plac.e due to switching action. 
Singh et al [1] have exjilored the feasibility of using 'TW-ECSM jiroc.ess for machin- 
ing of electrically partially conducting materials lila; RZl' and Carbon fibn; (;poxy 
composites. They conducted experiments to investigate the effect of supply voltagi; 
and concentration of electrolyte on MRR. MRR is found to increase with increase in 
supply voltage and electrolyte concentration . 

Naotakc; et al [19] hav(*, suggested a n<;w method ’’Assisting Eh'.c.trode Mc'thod 
for Machining Insulating Ciiramics” for machining nonconducting materials. In this 
method a metal plate or metal mesh is placed on the surface of the ceramics as an 
assisting electrode. The ceramics can be easily machined with a copper electrode in 
sinking EDM configuration or with brass wire in WEDM using kerosene as working 
fluid. Electrical conductive compound like cracked carbon from working fluid are 
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g('.iierat.(Hl on t.lu^ s\irfiic.(‘. of t.ho c.eraiuic.s. It koops the el(H‘.trical coiuluc.tivity on the 
snrfaoi^ of the. \vorkpi(M:(! (hHiiif> t.h(! iiiachiniiif^ . 

It is pi(^sume.(l that a coiuhuh.ive layer is (•.ontimionsly generated on the surface 
of the ceramic EDM process. Therefore, it is considered that when a discharge occurs 
at a point on the surface of the ceramic tlie material of the copper from the el(!c,trod(' 
and carbon from th(^ oil mov(‘. onto the ceramic surface', with larg(u' area than tlu^ 
dis{;harge cratcu'. 'Phis is the ic^ason why tin; macliiiKsl surface is always covcnaul with 
(a)uductiv(^ matcuials during tin; machining. 

Lok and Lee [20] have discussed a method ’’Wire-Cut EDM” process for machin- 
ing of advanc(!d (-.(iramics. Two type; of advanced ceramics, Sialon and Al^O^-TiC , 
were machined succ(;ssfidly by the Wire-Cut EDM proc(',ss. This process is applica- 
ble if the resistivity of the work material is less than a particular threshold value of 
lOQoInncm and also thermal si)alling erosion mechanism of the process was found to 
have a damaging effect on the surface of the machined ceramics. 

Recently Sanjay Chak [7] has done exp(;rim(;nts for machining of Alumina and 
Quartz by ECSM process. He also studied tlu; effect of supply voltage and el(;ctrolyt(; 
temperature on MR.R. They showed in Fig. 1.8 that MR.R is found to increase with 
increase in supply voltage and electrolyte temperature. 

1.3 Aim Of The Present Work 

Om; of the m(;chanisms for inat(;rial re.moval prop()S(;d by many researchers [7] in- 
volves m(;lting and evaporation of mat(;rial. If so, th(;n the material removal rate; 
should iucreas(', greatly if a ceramic c.oiitaius sonu; amount of low melting phase; such 
as a glass. The problem which we have therefore posed to ourselves is “does tlu; mate- 
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rial removal rate inc.reas(^s with increasing glass content in ceramic other parameters 
nnnaining constant?”. If yes, then this should give; support to melting mechanism. 

To answer the above cpiestion, in the preesent work, samples of a ceramic (ahi- 
inina) with different amount of glass were prepared and their machining by ECSM 
studied, keeping other factors constant as far as possible. 



Chapter 2 


Experimentation 

2.1 Experimental Set-up 

Expoi'iinental set-up shown in fig (2.1) is used for Electrochemical Spark Drilling 
(ECSD) of ceramics (alumina) designed and fabricated by Gan tarn [6]. Tool is fitted 
on a wirevice which is attached to the bottom portion of adjustable slide. An alu- 
minium disc is fitt(xl Ixitwcum wirevice and bottom portion of adjustable slidt;. Tool 
is gravity hid, thus when tin; tool touches the workpio'.ce, the adjustable slide along 
with disc lifts up which pr(!ss(‘s the microswitch and (dectrical circuit is cornpletcxl it 
is indicated by lightening of bulb. Thus by reversing the direction of feed motor gap 
between the tool and workpiece is set again. 

Smooth D.C. power sui)ply is used. Output voltage can be regulated as per our 
requirement. Experiments have been done at two different voltages (50V, 60V) using 
sodium hydroxide as cl(!c.trolyt(!. 'Timpcaatun! of the. electrolyl.e is ke.pt const, ant at 
50 degree centigrade throughout the experment. 

Two independent stepper motors are used with suitable independent “Unistep” 
controllers for the drive system. One is used forworkfeed and another is used for tool 
rotation. Work feed ste.pper motor is r2V , 20 kg-cm torciue and tool rotation st(ipp(u- 




Figure 2.1: Electro chemical spark drilling machine[6] 



Figure 2.2: Details of electro chemical spark machine [7] 


(a) Workpiece holding mechanism. (t>) Tool holding mechanism 
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motor is oi i2\' aiui 7 k} 2 ;-(:iu tor<iue. workfoed motor is connected to wonngear 
and then witii n'dnction (i,(mi'({^(!ar ratio 80:1) and with the hel[) of screw and nnt 
nu'chanism tcuai is giv(m to tlni workpiece. Tool rotation motor is directly coupled 
with hollow pip(^ whos(i another end is fixed with arljnstable eccentric slide. Bemmth 
this slide a wdrevice is attached in which tool is fixed. 

2.2 Electrolyte 

Throiighont the experiments 22 wt% Sodium Hydroxide (NaoH) solution is used as 
electrolyU^ l)ecaus(i its conductivity is maximium at 22 wt% concentration. As most 
of the. previous work has been done by NaoH and KoH solution, so using NaoH 
solution as (dectrolyte will hel]) in comparing th(^ results. NaoH solution is i)repar(Hl 
in distill waUu’ and allow(!d to cool down to room tein])erature in a closed vessel 
to minimise the evaporation losses, because dilution of NaoH results in exothermic 
nmcl.ion. ( lonductivity of electrolyti'. is check(!d by digital conductivity met(U'. This 
condiictivity uniter is calibrated by the standard known strength solution of Potassium 
Chloride . Conductivity of NaOH solution is kept constant througo\it the experiments. 

2.3 Sample Prepration 

vSami)leH of alumina containing dilFereut amounts of glass were prepared. Tim glass 
phase was obtained by adding clay and feldsi)ar to alumina powder. 

To get the desired specimens, proportions of alumina, clay and feldspar (Table 
2.1) were mixed and ground for different periods of time in a planetary mill using 
agate jar and agate or alumina balls . Total of 20 gm powder is prepared at a 
tinuu Purpose of grinding pure alumina for 3G hours using agate balls is to induce. 



2.4 Electrochemical spark machining 


22 


v(U'y small amount of glass (from agate) say 0.1 •«;/.% in alumina. After grinding in 
propanol l)as(', all mixturcis arc; dried in ov<ni at 150‘'6' and then pr(',ss(;d using 1 wt % 
solution of polyvinyl alcohol (PVA) as binder in to discs of 15 mm diameter and 3.5 
mm height. During pressing the load is k(',pt (600 kg) for one minute. These i)ressed 
alumina samples are sintered in a tube furnace at 1450°o for three hours. 

2.4 Electrochemical spark machining 

'riui basic recjuirenumts for (dectroc.h(nni(tal spark machining cell are two electrodcis 
of dilhirent polariti(« and (d(;ctrolyte . For experinumtal work, the tool is (copper 
wire) used as negative electrode and graphite rod as positive electrode. A copper 
wirp of 1.1 mm diameter is used as tool. Tool Rpm is set at 20 for which it gives the 
maximium MRR [6]. Tool eccentricity is kept constant throughout the experiments. 
NaOH 22wt% is used as electrolyte. Workpieces are fastened on workpiecevice and tool 
is fastened on tool post. Throughout the experiments, the temperature of electrolyte 
is kept c.onstant at bO'T/ with th(^ help of (dectric heat(!r and the.rmostat(i, and is 
count(!rc.h(!(dc(ul by thermometer. 'The conductivity of NaoH at SlPC is 490 mmho 
for 22wt% comxmtration. Each experiment is carriiid out for 45 rninutcis. Leve.l of 
electrolyte in electrolyte tank is kept fixed by continuously supplying the electrolyte. A 
minimium level of electrolyte is maintained between tool tip and workpiece. Because 
downward movement of tool gives spark which results in high overcut on machined 
surface. 
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/ 



Figure 2.3: Eccentric Tool Mechanism 



machining 
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2.5 M(!ii.s\ir(!mcn(. 'r<'clnii<nu‘s 

2.5 Measurement Techniques 

2.5.1 Material Removal Measureinent 

For iiiuliug out, tho inatorial romovcKl during machining a workpiece, the difference 
in weigld. of tlie workpi(‘(U^ Indon; niadiining and after machining is taken. Before 
taking the wfught of sample Ixddre machining, it is well churned with acetoiu! and 
tin'll dried. Similarly before taking the weight of the sample after machining , the 
sample is cleaned by ultrasonic: cleaner first in water then in acetone and then after 
dried .Weight is nu^asured on digitial weighing machine having the accuracy of 0.0001 
gm. 

2.5.2 Machined Depth Measurement 

Machined depth of workpiece is measured by a dial guage whose accuracy is 0.01 
mm .Dial gauge is fitted on the stand, workpiece is placed on the plateform. Needle 
plunger is allowed to rest on unmachined surface and dial gauge reading is taken. Now 
by suitably moving the workpiece the plunger is allowed to jump inside the machined 
surface, reading is taken. Difference of these two readings gives the machined depth. 

2.5.3 Diametral Overcut Measurement 

Overcut on the machined profile is measured using a shadowgraph. The magnified 
images of machined profiles are analyzed. Overcut is measured by subtracting the 
tool diameter (d)from the width of the machined profile(w). Width of the machined 
profile is measured with the help of micrometer attached to the shadowgraph whose 
acuracy is .001 mm. 

Diametral Overcut (0^) is given as 
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2.5 Mt^iLstireinont Tedinuiue.s 


( )fi ~ (I 

2.5.4 Surface Integrity and Microstriictre 

Study of inachiiH‘(I and unniachuuul surfaces of is also carried using scanning (‘l(‘.ctr()n 
niicrt)Scop(^(SEM).In order to study the machined surface, sample is washed with 
acetone and dried it is then coated with Aii-Pd coating in sputtering unit. To study 
the uninachined surface , sample is polished subsequently using silicon carbide powder 
800 grit size for two hours followed by diamond paste of 3/an , 1/an, 0.25/mi for one 
hour each. After polishing and cleaning, the sample is etched chemically by putting 
it in a mix tun*, of conciuitratc^ and 11 K in e<jual amount for five minutiis. SEM 

study of polished surfac(^ is carried out to see the presence and distribution of glass 
in samph‘s. 

2.5.5 Differential Thermal Analysis 

Difiorential Thermal Analysis(DTA) of samples is also carried out to see if glass 
transition could he, d(it(H-.ted. Rrsidts of DTA of the sample (Alumina + 10 wt% ghiss, 
two successive runs) are shown in Fig 2.8 and Fig. 2.9. It is difficult to locate the 
transition tcuupcrature T<j from these DTA polts. The small exothermic peaks appear 

in 

: . the plot due to some extraneous matter with wliich the powder gets contaminate.d , 


during crushing. 
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Figure 2.7; Schematic diag. of overeat ou samples 
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2.5.6 Density Measurement 

Dcuisity iu('asur(‘iu(^iit, of ail th(‘S(i saiiipU^H is oarricul out using ArchciuccUis principh' 
by th<^ following pnxuulure. 

• W(ught t)f the .sainpUi is taken in dry condition. 

• All th(! sainpU's are suspcnithul inside water vcissel by tying them with a thin 
copjxir wire. 

• Wntcu' v(‘ss(‘l is k(^pt imside dessicator and vacuum pump is operated for one 
hour t.o remov(^ tin; air from [)ores of samph^s. 

• Weight of samples is takcm inside water and in the air. 

Density =, ; , , 

•' \(V( (if satnjilc in (itv u)t a j sample ni 


Similarly theoritical (huisity of each samide is calculated using following formula. 


Th(U)ritic.al Dimsity ■ 


lUO 


it J , wt%of ('Iny . w t % of Ft Ids pn r 

i t' ti ‘iii fj it f Ain rn inn ' 'l> r nsit y o f '( Huy lirti.'tti y of Ft'ldspa 


% Porosity = 100 - % Density 


Density of tlu; samples is meiisured as per the method explained and results are 
given in the following table(2.1). 

It is evident from the table that the composition which has not been 
ground has higher density in coinparision to the ground sample. Also as the amount 
of glass is inc.reascid, rlensity incrcuised inspite of grinding. Decrease in the (hmsity 
with grinding can be understood by the fact that the reactivity of powder d(!creas(« 
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2.5 M(!<Lsm'i!nu;ni 'r(!clmi(iiie.s 


Table 2.1: Alumi na c. ()ini)ositioii and its pie])ration time 


VVt % of 
Alumina 

100 

100 

99'8 

99.2 

98.6 

98.0 

90.0 

80.0 

Wt % of 
(day 

0 

0 

0.1 

0.4 

0.7 

1.0 

5.0 

10.0 

Wt % of 
F’eldspar 

0 

0 

0.1 

0.4 

0.7 

1.0 

5.0 

10.0 

Tot.al 

glass wt % 

d.o 

0.0 

0.2 

0.8 

■m 

wm 


■H 

'riu-ufi. 

D(msity 

(gm/a:) 

3.<)8 

3.98 

3.97 

3.9G 

3.94 

3.93 

3.75 

3.56 

Mt'asuri'd 

Density 

(gm/ec) 

3.800 

2.825 


3.300 


■ 


3.239 

% Dcmsity 

97 “ 


82 



85 

90 

91 

% Porosity 

3 

29 

18 


HSSli 




Grinding 

Hours 

0 

36 

8 

8 

8 

OO 

8 

8 

Grinding 


Agate 

Alumina 

Alumina 

Alumina 

Alumina 

Alumina 

Alumina 

Media 


balls 

balls 

balls 

halls 

balls 

balls 

balls 
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2.5 Mi‘;i.sun‘int‘nt. 'I'(!clmi({ues 

due to grinding . 'riie exact r(!asons for thisS ar(i not understood. These may involves 
changes in shape and cluunistry of tlie surface of the powder. 

Increase in density with iuc.r(!a.se in amount of glass can be understood by tln^ 
fa(;t that gla.ss has lower iiH'.lting point than Alumina. Hence phenomenon of licpiid 
phas(^ sintering tak(^ place which results in relatively good sintering and relatively 
higluir (h'usity. 

(')onst.ant 'lest (conditions During Experimentation 
Voltag<^ rang(‘ = 50 -(>() 

Tool rpm = 20 

Tool material = Copper 

Conductivity of (dectrolyte at 50°C = 390 mmho 
Worki)iece mate.rial = Alumina 
Tool eccentricity = 1.5 mm(dia.) 

Tool diameter =1.1 mm 

Tiimi of each exptirinuint = 45 minutes 



Chapter 3 

Results and Discussions 


This (-haptcr deals with the (!xp(‘rim(int,al observations related to sample preparations, 
their density measurements and ECSM process. Some work has already been done 
in the past in tlu^ similar area. However, the work reported in this thesis is diflFerent 
from the work done by earlier researchers, 

from following view points: 

• Alumina samples arc^ pit^iiannl by iiitrodui'.ing the (h;sir(sl amount of glass in 
ord(!r to study the efhict of ghiss on machining rate and also to find out the 
exact mechanism of mat(‘rial removal. 

• Concentration of electrolyte (NaOH) is kept at 22 wt% for which the conduc- 
tivity of the electrolyte is maximum. 

• A constant gap betwenm tool and workpiece is maintained by using microswitch. 

Experiments have been conducted on alumina samples having different amount 
of glass. During experimentation, the variables used are input voltage, amount of 
glass, porosity of samples. The detailed observations made in each case are reported 
below. 
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3.1 Miw:hininR ‘>1 Alumina 

3.1 Machining of Alumina 

3.1.1 of Glass Content 

The effect of glass has been stiulii'd on the following responses : 

• Material renioveal from samples, 

• Machined depth a<-hi(;ved in Ham{)les and, 

• l)iam(‘tral overeat obtaimal on th(! machined profile 

Material Removal 


Material re.mcw'd from a workpiec.e is measured in terms of weight loss as explained 
in chapter 2. It is observed that material removal during machining is increased (Fig. 
3.1) wlum glass contimt varii^s from 0 wt % to 0.1 wt % and after that material removal 
decreases with incr(‘as(^ in the amount of glass. But when amount of glass becomes 
(luite signilicant, say about, 10 wt % then amount of material removcid Ixicomes almost 
iudepcuident. of amount of glass . Maximum imxtcrial removed is achieved as 110 mg. 


Tool dia — l.l 

mni 

V()ltag(! 

= GO 

V 

Tool mat(‘rial = ()opp<;r 


Conductivity 

= 490-496 mmho 

I'ool rpm = 20 


Electolyte cone 

= 22 

wt % 

Tool eccentricity = 1.5 

Machining time = 45 

mm 

min 

Electrolyte temp 

= 50 

“C 


Constant machining conditions during experiment 


Machined Depth in Workpiece 

Machimul d(!i)th in workpiec.(^ is inaesure.d with the help of a dial gauge shown in Fig 

3.2 . The variations in machined depth with the amount of glass is shown in Fig 

3.3 .Maximiuin machined depth achieved is 2.14 mm . In sample of pure alumina 




Material Removed (mg) 


3.1 Madriiriiig of Ahiiiriiui 



3.1: Variations in material removal with % of glass 





F'ignre 3.2; Set up for machined depth measurement 



38 


3.1 Machiniu}’ uf Aiuiniiui 



Figurii 3.3; Variations of nia(;iiino(l depth with % of glass 

gromul for 36 hours. Idot of machined depth Vs % of glass shows that inachiiuHl 
depth incr('as<>K from 0 wt,% of glass to 0.1 wt% of glass and then decreases upto 
10 wt % of glu-ss. For higluu' amount of glass compositions machined depth remains 
independiuil. of tin; amount of gla,ss. 

Diametral Overcut 

Overut on the machined profile is meiisured using a shadowgraph.Magnified view of 
machiiKHl profile is analysed and results are. shown in Fig 3.4 

3.1.2 Effect of Porosity 

The effects of porosity on the following responses have been studied while ECSM of 
alumina. 


Material nunoval from the workpiece 



:il Machininn of Aluiiiina 
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Fif>;ur(‘ .3.4; Variations iu diainetral overeat with % of glass 


• Machined depth achieved in th(! workpiece, and 


• Diannttral (mucut on th(i machined prolile 


Material Renuwal 


Effect of porosity on material removed is shown in Fig 3.5. It indicates that as porosity 
increases material removal also increases . This increases is very sharp when porosity 
in(;r<ms(\s from 15% to 20%, aft(ir that increase in jnaterial removal with porosity is 
slow. Maximium material removal is 110 mg. 


Tool dia. 

Tool material 

Tool rpm 

= 1.1 
= Copper 
= 20 

imn 

Electrolyte temp. 
Machining time 
Conducctivity of elect. 

= 50 
= 45 
= 490-496 

''C 

min. 

mmh 

Eccentricity 
Electrolyte cone. 

= 1.5 
= 22 

mm 

wt % 

Voltage 

= 60 

V 
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3,1 MarhiniuR «»f Ahmnuu 



0 10 15 20 25 30 


% Porosity 

3.5: Variations in material removal with % porosity 

Machineci Depth 

Elf’fect of ptiro.sity on tlu> machiiHul depth is shown in Fig 3.6. Machined depth 
increast's with incr«‘ast! in porosity. Maxiniinm machined depth is achieved as 2.14 
mm when tht^ porosity is maximnm. 

Diametral Overcut on Machined Profile 

Study of overeut by shadowgraph shows that with increase in porosity diametral 
overeat also increases. Response is shown in Fig 3.7. 

3.1.3 Effect of Supply Voltage 

Effect of supply voltage has been studied on the following responses 


• Material removal 



Dia. Ovcrcui (0im) 


3.1 Machining of Alumina 



% Porosity 


FiKurt; 3.(); Variations in inachinod (Ini)th with % porosity 



% Porosity 

Figure 3.7; Variations in diametral overcut with % porosity 
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3.1 Miu-hining of Alumina 



3.B; Variatioiw in iiiatorial roiiumul with % of glass 

• Maciiiuod (l<n)th and 

• Dinuh.ral ov(!rcut 

Material Removal 

Alumina samphw of difhu'ent glass content are machined at two different voltages 
(50V, GOV). Vahu^s of material removed are found higher for higher voltage, kee[)ing 
other param(‘.t(;rs ( i.e.% of ghnss and porosity) same. Responses are shown in Fig 3.8 
and Fig 3.9 . 

Machined Depth in Workpiece 

Machined depth in alumina samples is found to be increased with increased supply 
voltage. Responses are shown in Fig 3.10 and Fig 3.11 . 




Machined depth (mm) 



% Glass 


Figure 3.10: Variations in machined deptii with % of glass 


+ 0 
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3.2 Tahhvs Slu)wing VuriouK Machining Perfonnances 



*■'/<• porosity 

Figun; 3.11: Variations in machined depth with % of porosity 

Diinetral Overcut in Workpiece 

Ovennit mcastni'd by shadowgraph wshows that as the voltage is incrased the dimetral 
ove.rctjt also incrtiased . Various responses are shown in Fig 3.12 and Fig 3.13. 

3.2 Tables Showing Various Machining Perfor- 
mances 

3.3 Surface Integrity and Microstructure 

Various photographs of machined profile, machined surface and polished stirface are- 
taken by scanning electron microscope (SEM). Fig 3.14 shows the microstiuctuie of 
polished surfaces. The pure unground sample (Fig. 3. 14 a) has large grains indicating 
that sintering has proceeded to considerable extent. This sample shows the highest 
density (97 %). The pure ground sample (Fig 3.14b) has most of the grains close 



Diametral overcui (mm) 


3.3 Stirlacf Intt'grity and Microstnictiire 



%orGla.ss 


Figiin^ 3.12: Variations in diametral overeat with % of glass 



% Porosity 


Figure 3.13: Variations in diametral overcut with % of porosity 



;j.3 Surfat-t; lut«‘j>rity and Micro.struc.ture 


InhU' .' 5 . 1 ; \'alucs Clorni-spondiug to 5 ()" 6 ’ and r>()V 


Sample NiK j 

l/l 

2/1 

o/r 

' i/T ■ 

"s'/r'i 

6/1 

3/1 

4/1 

\Vt '/i ul ; 

_RlaHS , , . 1 

0 

t) 

0.2 

0.8 

1.4 

2.0 

10.0 

20.0 

(binding; ! 

hoins 

(1 

;5() 

8 

8 

8 

8 

8 

8 

Vu I’urosity 

;> 

2i) 

18' 

1G.5 

16.2 

15 

10 

9 

Mat.t'iial 

n'lnovod 

(iur) 

.3 

().{)() 

101 

85 

41 

48 

28 

20 

25 

MHb 

(ing/miu) 

2.2-i'" 

‘ 1 .88 

o.iff 

'”rd(T~ 

0.62 

0.45 

0.55 

Avg. niaihiiu'd 

o.os 

2.();r' 


1.10 

1.20 

0.84 

0.76 

0.81 

(lcpth(nun) 









Diaini'tral 

c)vorait(iiim) 

().()';52 

(i-ooi 

0.498 

0.423 

0.442 

mi 

0.340. 

0.3^8 


'Pablo 3.2: VahioH ComisixauliiiK to 5()‘’(7 and 6()V 


Samph! No. 
wl % of 
glas.s 
(binding 

hours 

1/2 

0 

'() 

2/2 

0 

■”5/2 " 

7/2 

8/2 " 

6/2 

3/2 

4/2 

0.2 

0.8 

1.4 

2.0 

10.0 

20.0 

8 

8 

8 

8 

8 

8 

% Porosity 

3 

29 

18 

16.5 

16.2 

15 

10 

9 

Matc.rial 

removed 

(»ig) 

6 

i 

110 

89 

50 

65 

39 

28 

35 

MRR ! 

1 

(mg/miu) 

0.13 

2.45 

■ 

1.11 

1.44 

0.87 ’ 

0.63 

0.78 

Avg. maxiunecl 
deptli(inm) 

0.20 

2.14 

1.96 

1.21 

1.51 

1.04 

0.85 

0.95 

Diametral 

overctit(min) 

o 

QO 

O 

0.606 

0.542 

0.432 

0.463 

0.391 

0.350 

0.371 
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3.3 Suiiuti' liitc 7 ;r!ty and Mici'twlnniun* 


to thi' stailiiii; size* ((1.3 /loi) of aluiuina. Ihnn^ is suhstaiitial porosity between tlu^ 

grains. Fliis saiuph* has tin* lowest, (71 %) density. The niicrostructure of samples 
with glass addition show that the liejuid phase sintering has taken place and that the 


distribution oi glass is nonnnilorni. Liciuid phase sintering is revealed by the presence 
of of many grains clow' to tin; original particle size (0.3 uin) (Fig 3.14 c & d); solid 
stat(^ sintering should result in grain growth throughout the samples. The figures 
show large clumps which are alumina particles embedded in glass. Thus the glass 
distribution is uouuuHbrm. 


h'ig 3.ir> to 3.17 show the microstructure of the machined surfaces. Various 
features are observed. Ilowtwer, an iinjxrrtant insight is obtained by comparing the 
pure alumina, ungromul sample with other samples. The microstructural features in 
the p\u'e. miground samph; (h^ig 3.15 a ) are of the order of 1 to 2 /cm , same as the 
grain size of this sample (Fig 3.14 a) whil(^ those in the 20% glass sample (Fig ) 
are of the ordtu" of 0.3 (ivi, the original particle size of alumina. Similar is the case for 
samples with ot.lmr ghiss contents. As mentioned earlier, the grain size in the (alumina 
+ glass) samples remain close to that of the original alumina particle size because 
of liejuid phase sintering. Thus the conclusion is that in both cases the material is 
removed by attack on the grain boundary. 

The cuboid shaped (Fig 3. Ifd k f) and “rosette” like features are occasionally 
observtul (Fig 3.16h,3.17e). These may be a particles of crystalline phase forming due 
to reaction hetweem alumina, feldspar and clay. However, this needs to be confirmed. 
Thus from the niicrostructure it can be said that the material removal is primarily 
by grain boundary attack. No clear evidence of melting of the material is obtained. 




Figure 3.14: Polished surface (a) pure alumina not ground, (b)pure alumina ground 
(c) alumina 4- 10% glass, (d) alumina + 20% glass 
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Figure 3.16; Ma(;hino(l surface of pure alumina ground, machining conditions (a) 60 
V, 50‘’C^ (1)) 50 V, 50°C',(c) 60 V, SO^C 



-•,2&3/5/2HDS 

':'2- 10Ky 


Fi{j,ur(‘ 3.17: Machinc-d surfaces of ahiiiiiiia samples having different amount of glass 
(a) 0.2 %, 00 V, 5()"r/, (h) 0.2 %, 60 V, OO^C, (c) 2.0 %, CO V, SO^C, (d) 10 %, CO 
V,50"6’ (e) 20 %, 50 v, rAfC (f) 20 %, 60 V, 50°C 
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3.4 The Explanation for Typical Behaviour of Ma- 
chining Performance Affected by Variable Pa- 
rameters viz. Glass content, Porosity and In- 
put Voltage 

Aim of the pxppriiiicmt wfis to soe the melting of the glassy phase present at the grain 
boundarif's. h'ig. (3.5) shows variations of material removal with porosity and glass. 
It can be seen that machining rate increases with porosity and decreases with increase 
in glass content except for the samples having 0 wt % of glass. The material removal 
appears be due to attack on the grain boundaries . Here a term “material removal 
front” is necessary to be defined. It is similar to the crack propagation front in the 
fracture due to the fatigue. The material removal front progresses along the grain 
boundari(?s. This proc;ess is slow, where a pore is encountered at the grain junctions, 
the front jumps across the pore. Tims there is an increase in the speed of the front 
due to the presence of the pore. This increase will be maximum if the average size 
and number density of the pore is higher . Thus increased porosity directly leads to 
an increase in MRR. 

The effect of voltage on machining performance is explained on the basis that 
when input voltage is increased, the current drawn also increases resulting in higher 
intensity sparks. Thus, with increase in input voltage, material removal, machined 
depth and dimetral overcut are increased because the intensity of sparks is increased. 



3.5 Propo.setl Mechanism of Material Removal in Alumina 
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(b) 


Figure 3.18: Material removal front propagation (a) for low porosity (b) for high 
porosity 

3.5 Proposed Mechanism of Material Removal in 
Alumina 

Alumina has high melting point (of the order of 2050“C ). So it requires a large 
amount of heat to melt alumina. From SEM photographs it seems that during machin- 
ing of alumina by ECSM process , grains are being seperated from grain boundaries 
due to etching of grain boundaries in heated electrolyte. There is no exclusive clear 
evidence of melting of alumina as concluded from the SEM analysis of the machined 
surface. 





Chapter 4 

Concluding Remarks and Scope for 
Future Work 

4.1 Conclusion 

R(‘sult..s of t.iic ('xpi'i'inicnts iirv. (uicouragiug and have shown the possibility of further 
iniprov(Mnent in th<‘ proec'ss [unforinauce by improving existing setup. From the 
present work hdhnving conclusions are made. 

1. Porosity of Alumina sami>les is the major governing factor of material removal 
and machining depth. 

2. Machining of Alumina gives better machining accuracy at low voltage because 
at high voltage material shows cracking snsceptihility. 

3. Limitations on machining depth have been slightly relaxed in case of porous 
Alumina. 

4. Maintaining the minimum gap between tool and workpiece has improved the 


efficiency of B3CSM process. 
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4.2 Sct>p<‘ i'»r the i'ufun* Work 

5. If thf glass atlclt'd in Alumina acts as secondary phase particles then it reduce-s 
the inachininji, perfonnance of BCSM process. 

6. SEM analysis has shown that (piality of surface obtained is fairly good. 

4.2 Scope for the Future Work 

1. In order to study the e{fe<‘t of glass present at the grain boundaries, alumina 
.samph‘.s of constant porosity should be prepared by ’sol-gel’ method. 

2. If tin* tool is <‘xj)o.sed only at the bottom face and rest of tool is coated with 
insulator t ht'ii if can giv(j Inh.tcu' machining accuracy of the samples. 

3. I'ool, wot ki>if‘C(' and el(*<-trolyte should bo kept in a closed vessel while machining 
because it will give the minimum evaporative loss of electrolyte and it will 
partially relax the limitation on the temperature of electrolyte. 

4 . Pulst'd power supply with pulst'd time of the order of micro seconds can improvt*. 
tin* uun-hining pt'iformanct*. 

5. list* of eomlnnaf.ion of ('lerttrolytes has shown the better restdts. So it cum 
improve the elficiency of ECSM process. 

0. wStudy of the debris of the machined sample can give a better idea of process 


mechanism . 
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Appendix 


APPENDIX A 


Mechanical Properties Of Alumina {AUOz) [22]. 


Temperacure 
in "C 

Compressive St. 
ill psi 

Tensile St. 
in psi 

Impact Res. 
(In - lb) ■ 

25 



1.2 

25 


* 

* 

30 

* 

37,600 

* 

300 


36,400 

* 

400 

213,000 

* 

* 

800 

185,000 

34,000 

1.0 

1000 

128,000 

♦ 

0.55 

1050 

* 

33,800 

* 

1100 


31,400 

* 1 

i 

1200 

71,000 

18,500 

* 

1400 

35,600 

4,250 

* 

1600 

7,100 

* 

0.32 


1 : Zero porosity 

2 : Less than 5% porosiry 


■k : Data is not available 






Appendix 


APPENDIX B 


Thermal Properties Of Alumina {A^Oz) [22]. 


Melting Point : 2051.0 ± 9.7‘'C 
Boiling Point : 3530°C(3800 ± 200^K) 


Temperature 
in °K 

Thermal Conductivity 
(cal/sec cm^'C) 

Sp. Conductance 
(cd/5‘K) 

298 

0.086 


373 

0.069 

* 

400 

* 

0.22545 

500 

* 

0.24857 

573 

0.038 

* 

600 

* 

0.26372 

700 

* 

0.27431 

773 

0.025 


800 

* 

0.28205 

900 

* 

0.28789 

973 

0.018 

* 

1000 

* 

0.29240 

1100 

* 

0.29595 

1173 

0.015 


1200 

* 

0,2987 

1373 

0.014 

■* 

1573 

0.014 

* 

1773 

0.013 

* 

1973 

0.014 

* 

2173 

0.015 

* 





